Probing the intrinsic state of a one-dimensional quantum well with a photon-assisted 

tunneling 
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The photon-assisted tunneling (PAT) through a single wall carbon nanotube quantum well (QW) 
under influence an external electromagnetic field for probing of the Tomonaga Luttinger liquid (TLL) 
state is suggested. The elementary TLL excitations inside the quantum well are density (p±) and 
spin (<7±) bosons. The bosons populate the quantized energy levels e£ + = An/g and e£ - ' CT± ' = An 
where A = hvp/L is the interlevel spacing, n is an integer number, L is the tube length, g is the 
TLL parameter. Since the electromagnetic field acts on the p+ bosons only while the neutral p_ 
and a± bosons remain unaffected, the PAT spectroscopy is able of identifying the p + levels in the 
QW setup. The spin boson levels in the same QW are recognized from Zeeman splitting when 
applying a d.c. magnetic field H 7^ field. Basic TLL parameters are readily extracted from the 
differential conductivity curves. 

PACS numbers: 73.23.Hk, 73.63.Kv, 73.40.Gk 



I. INTRODUCTION 

A one dimensional quantum well (QW) gives many 
promises for scientific research and various practical ap- 
plications P, H, H, 0) S 0- One spectacular exam- 
ple is the junction formed by a single wall carbon nan- 
otube (SWCNT) with metallic electrodes attached to 
its ends (see the sketch in Fig. [1]). That setup (see 
Fig. [J) harbors various condensed matter systems. Re- 
markable properties [1 0, 0, H H S, 0, S, S, E3 of 
SWCNT emerge from their intrinsic structure l|. The 
single wall carbon [n, m] nanotube is a rolled up atomic 
honeycomb monolayer formed by two sublattices A and 
B. The integer indices n and m (n > m > 0) of the 
rollup vector R = nRi + mR 2 actually determines the 
electronic bandstructure of the tube. In particular, if 
n — m = 3k (k being an integer) the tube is metal- 
lic while it is semiconducting or insulating otherwise [TTj]. 
A lot of discussions address the intrinsic state of metal- 
lic SWCNT where the Tomonaga Luttinger liquid state 
(TLL) may presumably occur jT^, EH El El E3- In 
contrast to semiconducting nanotubes, where a general 
consensus is achieved[lj, unconventional features of the 
metallic nanotubes are not well understood yet. A lot of 
discussions [H, [3, [TH, [H, [TtJ address the linear disper- 
sion law £k = ±vp |k| [where "±" corresponds to elec- 
trons (holes), and vf is the Fermi velocity], strong cor- 
relation effects, and a one dimensional transport of the 
electric charge carriers. Along with the TLL state in 
metallic SWCNT [U, El El EE 03 under current at- 
tention are models of non-interactin g el ectrons and of 
interaction with external environment 18( . Despite indi- 
cations of the TLL state in the shot noise |17| and in an- 
gle integrated photoemission measurement s Ha ■ present 
experimental evidences are still indirect [LSI 1 19j|. This re- 
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FIG. 1: (a) A quantum well (QW) composed of the ID section 
T with attached emitter (£) and collector (C) electrodes. The 
potential barriers are shown in black at the £/T and T/C 
interfaces, (b) Energy diagram of the PAT process in the 
QW. (c) The split gate configuration of the QW. The right 
side inset shows how the electric field is applied to the T 
section. 



quires clearer identification of the intrinsic state in the 
one-dimensional quantum wells formed of metallic car- 
bon nanotubes. Typical quantum well setup is sketched 
in Fig. Q] where the ID section is denoted as T. The bias 
voltage V cc drops between the emitter {£) and collector 
(C) electrodes, while the gate voltage Vg is applied to 
the n++Si substrate as shown in Fig. [TJ The electro- 
chemical potentials in £, T and C are denoted as /i e ,T,c- 
The £ and C electrodes are separated from the metallic 
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nanotube section T by the interface barriers I shown in 
black in Fig. [UJa,b). The potential barriers emerge from 
differences between the Fermi velocities in the adjacent 
electrodes. 

In this paper we suggest a method of identifying the 
quantized levels of charge and spin excitations in the 
Tomonaga Luttinger liquid state inside the ID quantum 
well shown in Fig. [IJa-c). The proposed here method 
exploits the fact that the electromagnetic field (EF) in- 
teracts with the charge excitations only, while the neutral 
particles remain unaffected. When tunneling electron 
with an energy e absorbs n photons of EF, the multipho- 
ton process probability depends on the intrinsic structure 
of the TLL state in T. The PAT strongly influences the 
single electron tunneling (SET) and the level quantiza- 
tion taking place inside the quantum well which helps to 
elucidate its intrinsic state. In this paper we address the 
quantum well with a long and a short T section. When 
the T section is long, the quantization of electron mo- 
tion inside T is neglected. Then the local single electron 
density of states M{e) has a dip at zero energy e = 
inside T. We will see that such a dip is well pronounced 
in the photon-assisted and in the single electron tunnel- 
ing characteristics of the nanotube junction, which can 
be exploited for identification of the TLL state. Another 
type of QW corresponds to a short T section where the 
ballistic motion of the charged and neutral excitations 
inside the SWCNT section is quantized. During the tun- 
neling, an electron splits into four p±, <r±-bosons (two 
density and two spin). The bosons populate quantized 
levels with different energies e p + ^ £p-( CT ±)- The charge 
boson energy levels are detected with the photon-assisted 
tunneling[4] (PAT). Since the tunneling mechanism is 
sensitive to V cc and Vq, the TLL properties are there- 
fore pronounced in the differential conductivity curves of 
the QW. In the same setup, the spin boson levels are 
fingered from Zeeman splitting ex /ibH when applying 
a finite d.c. magnetic field H ^ 0. The quantization of 
both the charge and spin excitations is pronounced in the 
differential conductivity curves of the quantum well. 



II. PHOTON-ASSISTED TUNNELING INTO 
THE TLL STATE 

Here we address weakly coupled low-transparent dou- 
ble barrier SWCNT junctions, assuming that tunnel- 
ings across the £/T and T/C barriers are not phase- 
correlated. When the external electromagnetic field is 
polarized with the electric field vector directed along the 
nanotube axis, it induces an a.c. bias voltage across 
the whole double-barrier junction. The a.c. bias voltage 
effectively drops on the interface barriers I, which par- 
tial resistance is assumed to be much higher than the 
resistance of T. Since a typical length of the carbon 
nanotube j unction [5j, [6fl is L ~ 200 nm - 0.5 /xm, the a.c. 
field wavelength of interest is 1 mm > Aef > 0.5 /xm. 
This corresponds to the THz domain diapason. We de- 



scribe tunneling between the TLL state in T and the 
free-electron states in £ (C)-electrode using the micro- 
scopic methods [13, Hi], [22j]. For the sake of simplicity 
we do not consider here the ratchet effect 0, HH, which 
comes either from an asymmetric scattering potential 1241 . 
or from a nonlinearity of the electronic dispersion[25j. 
Using methods of Refs. [13, HH, H2] one finds (see deriva- 
tion details in Appendix) the time-averaged electric cur- 
rent through the quantum dot as 

I = T n —I de^CMKie) 

nm 

[Jl(a e ) [t + + Q{r_-fl)] 

-j* (a c ) [/;+(/* -/;)<?]] a) 

where JC is the full electron correlator, are the elec- 
tron distribution functions in the £ (C)-electrodes for 

which we used a short notation / (e^J — * /± ^ 

£ ™+ = e + E + hmn + AU^ c 

e™ ( - } = e + E + Hmn + AU^, (2) 

where E is the energy of the occupied level in the well 
relative to the conductance band edge in the emitter at 
the zeroth d.c. bias voltage V cc = 0. In Eq. (HJ) T c ^ = 
4ire 2 v e ( c )R e ( c ), v e ( c ) is the electron density of states in- 
side the £ (C), R e M is the tunnel resistance between the 
£ (C) electrodes and the T section, T n = r e r c /(r e + r c ), 
£„ is the probability to find n electrons inside the well 
determined by a master equation (see Appendix), and 
the integration is performed over the electron energy e in 
the well. The Bessel function J m (a ejC ) of order m [m is 
the number of emitted (absorbed) photons] in Eq. |T]) de- 
pends on the a.c. bias parameter a e ^ c = eVe^J /hfl where 

e\Qc is the a.c. bias amplitude on the £{C) barriers, e is 
the electron energy in T. The corresponding changes of 
emitter and collector electrostatic energy A?7^' c depend 
on the number n of electrons in the well as 

AU* - s(n + ~\- V eV cc 

AU c n = 5{n+ l ^+{l-r,)eV cc (3) 

where 8 = e 2 /C, C = C e + C c is the net capacitance, 
C e ( c ) is the emitter (collector) capacitance, rj is the frac- 
tion of the net d.c. bias voltage V ec , so that r}V ec drops 
between the emitter and CNT. The electron distribution 
function Q(e) inside the tube entering Eq. |T]) must be, 
generally speaking, obtained from a corresponding quan- 
tum kinetic equation[21|. However, to simplify our de- 
scription of SET we will follow to Ref. [23(. Namely 
we approximate Q{e) by a Fermi-Dirac distribution, but 
with a finite chemical potential fir ^ in the form 

G ° {£) = eM(e~l)/T] + l (4) 
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FIG. 2: (a) The single electron density of states inside the T 
section of an QW for the Luttinger parameter g = 1 (curve A), 
0.4 (curve B), and g = 0.2. (b) Contour E— g-plot of the single 
electron DOS inside the T section. 



A similar quasiequilibrium approximation had for- 
merly been used for describing of non-equilibrium 
superconductors (26j and of SET effects in semiconduct- 
ing quantum wells. In Eq. ([?]) the chemical potential /ij- 
of electrons in T is defined by the expression for the mean 
number of electrons 
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de > OJm/C (e) 



run 



h r e + r c 

[T^Jl (a e ) [1 -2/1+2 (ft - fi) g (e)] 
+t c jI K) [i -2/1 + 2 (ft fi) g (s)_ 

+ (n G ) 



(5) 



where (uq) is the number of extra electrons induced by 
the gate voltage Vg ^ applied as shown in Fig. Q] 
When the a.c. bias is off, a c , c — ► 0, Eq. ([!]) yields well- 
known formula for the electric conductivity of a double- 
barrier low transparent tunneling j unction In equi- 
librium and in absence of SET the distribution func- 
tion g{e) vanishes in Eq. |T]) while f±(e) = fo{e) — 
I/(exp [e/T] + I), T is the temperature. Then one sim- 
ply gets 



a = {2e 2 /h)T n N, 



(6) 



where N = deAf (e) (— dfo(e)/(de)) is the number 
of conducting channels and Af (e) is the single electron 
density of states. The comb-shaped free electron density 
of states in the well is 



AA(e) = -Im^ _ 1 

tt * — ' e — m — iQ 



(J) 



where £ — > +0 and we introduced the dimensionless en- 
ergy e = e/A, A = hvp/L is the level spacing, ft is the 
Plank constant. 



III. THE TLL TUNNELING DENSITY OF 
STATES OF A LONG QW 

If the metallic nanotube section T is long, L > vftt 
(where tt = h/Y n is the net tunneling time), the quan- 
tization inside T is negligible. The level separation for 
typical carbon nanotube junctions0,Q becomes indistin- 
guishable when L > 3 /im. Strong electron correlations 
drive the electron system into the Tomonaga Luttinger 
liquid (TLL) stateQj, Q3, [T3|- According to Eq. ([J), the 
electric current is expressed via the single electron corre- 
lator JC, which is related to the spectral density Ai (e) of 
the right-moving (k = 1) fermions as 

Ai (e) = ImGf (q = 0, e + iS) = -Im/C (e + id) /tt (8) 

Following to Ref. 
finds 



I20| at zero temperature T = one 



AC (e) = -(2/V2^)i|e| 27 sin(7r 7 ) 
•[2(-l)T 7 r(-2 7 - l)|e| + e" 7 sign(e) 
(r(-2 7 ) + 9 2 (r 2 /v 2 F ) ■ 7 (2 7 + l)r(-2( 7 + I ))e 2 )], (9) 

where T(x) is the gamma function of x, r is the cutoff 
parameter, 7 = (g^ 1 + g — 2) /8, and g is the Luttinger 
liquid parameter. In the limit g — ► 1, the expression for 
_4 K (e) transforms to the free electron spectral density 

A^ (e) = signe/ (v^7r^i?). Properties of the TLL state 
are sensitive to the Luttinger parameter g. The single 
electron density of states AT (E) of an QW with a long 
T-section is shown for different values of g in Figs.[2ja,b). 
The Luttinger parameter g can be controlled cither with 
the gate voltage Vg or with the split gate voltage Vsg as 
shown in Fig.[ljc) [see also the inset there]. Since the gate 
voltage Vq affects the charge density q on T, q = CVq 
(where the capacitance C = 2neoL/ cosh -1 (2hx / d) , eq 
is the vacuum permittivity, d is the nanotube diameter, 
and hx is the distance from the nanotube to substrate) 
it allows changing of g. An altering of Vg renormalizes 
g —>■ g + PgVq due to changes in the dielectric function 
e(fc, e) and in the Coulomb screening. According to Refs. 
[12lll3l|. the Luttinger parameter g for a carbon nanotube 
depends on the electrostatic energy U n as 



9 ' 



I 



y/l + 2UJA 



(10) 



where A is the energy level spacing while the change of 
U n is determined by Eq. (|3|). A simple evaluation from 
the bandstructure calculations gives /3q = 0.005 — 0.03 
depending on directions of the rollup vector R. The 
Af (E) shape is also controlled with Vsg utilizing the split 
gate configuration Q as shown in Fig. QJc). The elec- 
tric field in that setup is perpendicular to the nanotube 
axis as shown in the right inset to Fig. [He). The split- 
gate setup allows to drive the tube electron state from 
the semiconducting to the metallic one. The transver- 
sal electric field induces a finite dipole momentum di- 
rected in perpendicular to the nanotube, which again 
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FIG. 3: (a) Splitting of zero-bias TLL dip in the differential 
tunneling conductivity a(V ec ) [in units of e 2 VFN(0)] in a long 
CNT junction due to the phot on- assisted tunneling. Spacing 
between the zero dip and adjacent satellite dips is hfl. (b) The 
Coulomb staircase in the PASET current-voltage characteris- 
tics /(Vdc) versus reduced voltage Vdc (see text) of the CNT 
junction in the TLL state with g = 0.4 under influence of 
the a.c. bias field with amplitude eV^ = 3.4 (in units of 
5 = e 2 /C) and for a symmetric junction (77 = 0.5). Curve 
A corresponds to 8 = 5 and SI = 4.7, curve B to S — 3 and 
fi = 4.7 and curve C to 5 — 5 and Q = 3.7. 



rcnormalizes g. The corresponding alteration of the Lut- 
tinger p arameter g is evaluated using, e.g., results of Refs. 
iaH, [S|. This gives g -> g ■ J^ 1 (V SG d/hv F ). For a 
narrow-gap T (see Ref. 0) and for typical parameters 
of the nanotube quantum well, the split gate induced 
change is g — ► g + /JsgVsg where (3sg = 0.01 — 0.05 
for different rollup vectors. If the electric field Vso/d is 
sufficientl y st rong, one induces a semiconducting-metal 
transition[27l I2H \2^ . The electronic properties of the 
nanotube then switch from a one-dimensional semicon- 
ductor to the TLL. 

The time-averaged conductance a(V cc ) of the long 
CNT junction exposed to an external electromagnetic 
field is computed using Eqs. <HJ-©, ©, ©, and ©. We 
calculated a(V cc ) and the electric current /(Vdc) (Klc = 
(V cc — Vi)T) is the reduced voltage) for two cases of inter- 
est, V t = (E — €F)/er) is the SET threshold voltage. One 
limit corresponds to S << T when the single-electron 
tunneling is not essential [6 = e 2 /C, C = C e + C c is 
the net capacitance of the double-barrier junction, C e r c \ 
is the emitter (collector) capacitance]. Then Eq. ([T]) 
for the tunneling current through the quantum well is 
simplified as 



where now 



km 

■[J^(a e )f(s e m )-J^(a c )f(s c m )] (11) 



e e m = £ cc - T)eV ec + hmfl 
£ cc + (1 — v) eV cc + hmfl, 



(12) 



The above Eqs. ([II]), fH} are completed by Eq. (|8]) 
to compute the d.c. differential tunneling conductance 



a(V ec ). The results are shown in Fig. [3ja) where we 
plot (t(V cc ) of a long CNT junction in conditions of the 
photon-assisted tunneling for fl = 0.75, eV^- 1 ' = 0.65 
and for three different values of the Luttinger liquid pa- 
rameters g = 0.2 (curve A), g = 0.4 (curve B), and 
g = 0.93 (curve C). One may notice that the zero-bias dip 
in ct(Vc-c), which was positioned at V cc = when the a.c. 
field was off (eV^ = 0) splits into additional satellite 
peaks spaced by hfl. 

Another limit corresponds to the single electron tun- 
neling which occurs if the condition 

eV ec /2 -S/2-E- hmfl - 6 ■ n < ^ r (n) < 

eVc.c/2 + S/2-E- hmfl -S-n (13) 



is fulfilled. The condition (|T3|) can be independently 
accomplished by adjusting fl, Vq, and V ec . The zero- 
temperature conductivity for a symmetric junction then 
takes the form 



O (K C 



dl (V ec ) 2e 



, r ec y ^ J m (a) 



dV ec h 

ra 

•[Im/C (£™ (n)) + Im/C (£™ (n)) • 6 (mt (n) - £ m (n)) 

-Im/C (S? (n)) • 9 ( Mr (n) - (n))fll4) 

where 



£± (n) = eV; c -E- hmfl - S 



and E is the occupied level energy in the quantum well 
relative to the conductance band edge in the emitter in 
absence of the bias voltage. Eq. (Ti"4)) can be overwritten 
in the shorter form 

a (Kc) - ^r ec Y, j2 m («) C„ • A (n, m) (15) 



where 

( Im/C {£l l (n)) if ^ T (n) < (n) 
.4 (n, m) = ^ if £™ (n) < (n) < (n) 
[ Im/C (£ m (n)) if ^ r (n) > £ m \n) 

since one always gets £™ (n) < (n). To consistently 
describe the single electron tunneling Eqs. CO)-© must 
be completed by an equation for /iq- (n) . For a symmetric 
junction (a e — a c ) one gets 



where 

rec 
J± 



\ ■ Y J ™ ( a ) Cn / d e 

Im/C (e) [1 - fl c + (/- - /-) G (e)] 



f [e + E + hmfl 



<)\n±-)- eV cc /2 



+/ [e + E + hmfl + 5[n±-)+ eV cc /2 
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and Q (e) is approximated by Eq. ([4]), uq is the additional 
electron density induced by a finite gate voltage Vq ^ 0. 
The condition which determines a vertical step in the 
I(V ec ) [or a sharp peak in ct(14 c )] is 

e V (V™ i, k - V t ) = 8 (k - 1) + e + mM7 

where k is integer. At a e ^ c = one gets 



Vk-i,k = v t + 



6(k-l) + e 



erj 



The spacing between two adjacent steps at a e>c = is 



Vk,k+i — Vfc-i,fe — ( Vt 
5 {k -!)+£* 



8k + gfc-| 
e-q 

8 + £fc+i - £fc 



(16) 



When the external a.c. field is finite (a CyC ^ 0), the steps 
are splet additionally by ±hfl. 

The current- voltage characteristics I(Vd c ) in condition 
of the single-electron photon-assisted tunneling (PASET) 
across the quantum well in the Tomonaga Luttinger liq- 
uid state are shown in Fig. [3](b) . According to Ref. 
l23l . equilibrium shape of the I(Vdc) curves (quoted as 
Coulomb staircase) is extremely sensitive to the double- 
barrier junction's parameters such as barrier transparen- 
cies, capacitance, symmetry, purity of the carbon nan- 
otube section, and the energy level spacing. The 
photon-assisted tunneling induced by the external elec- 
tromagnetic field introduces additional features in those 
curves. We compute PASET curves for a QW with a 
long T-section where the single electron tunneling takes 
place. Remarkable elements of the /(Vd c ) curves A-C 
in Fig. [3fb) are local dips which originate from an in- 
terference between the zero-energy TLL anomaly pro- 
nounced in equilibrium at e = [see Fig. Ufa)] and the 
photon-assisted single electron tunneling processes. The 
Coulomb staircase curve A in Fig. [3)Jb) corresponds to 
8 = 5 and fi = 4.7, curve B to 8 = 3 and f2 = 4.7 and 
curve C to 8 = 5 and £1 = 3.7 computed for g = 0.4. 



IV. RECOGNITION OF CHARGE AND SPIN 
BOSON ENERGY LEVELS 

In a opposite limit when the T-section is short, the 
quantized energy levels are well resolved, r e,c << A 
(r e,c are the £ ^ T and T C electron tunneling 
rates, A = hvp/L is the interlevel spacing inside T). 
In this Section we neglect the single-electron tunneling 
(SET) contribution[23] (Coulomb blockade phenomena) 
which is justified when the temperature T is not too low, 
T » T e ' c . In that limit we use Eq. (11]) again but 
with a different Im/C(e) which now has a comb-like shape. 
Due to the spin-charge separation in the Tomonaga Lut- 
tinger liquid (TLL) there are two sets of quantized en- 
ergy levels in a low-transparent quantum well with a 



short T-section. For the QW transparency T = 0.3 
(where T = Ai:T n L n / {Iivf), L n = L e + L Cl L e and L c 
are the £ and C thicknesses respectively, vf = 8.1 • 10 5 
m/s) one gets T n ps 0.3 meV. For the nanotube length 
L = 3 /im one obtains spacing between the quantized 
levels as A = 1 meV. The photon-assisted processes 
cause an additional splitting ~ 0.6 meV which corre- 
sponds to the a.c. bias frequency 1] w 1 THz. Fol- 
lowing to Refs. [HI, [22j], the transmission coefficient is 
T(E) = \iHG R (L, E) | 2 . We assume that coupling of 
the single wall nanotube segment T to the external £ 
and C electrodes is weak. In this approximation we com- 
pute the local electron density of states N(s) implement- 
ing boundary conditions[12] for the electron wavefunc- 
tion inside a short carbon nanotube section T. Then 
the quantized energy levels are well separated and re- 
solved. The retarded single electron Green function is 
G R (L,t) = Ii a Ga (L,t), which Fourier transform has a 
comb-like shape 



V 7T ^ £ a 

a 

-2gi +n _ r(i-2, 9 + + n)r( £ / £a ) 

' r(l-2<?++n + £/e a ) 



e n (-1) 



(17) 



where a 



{p±i cr ±) is the TLL boson index, i.e., 
e£ + = A/g while e p n ^ <T± ' ) = A, 9„ are the coordinate- 
dependent coefficients inside the nanotube and the length 
parameter A << L effectively incorporates influence of 
the interface barriers [l^, n is the quantization index, 
and g^ = (l/g a ± 5a)/16- The parameters 0„ and A 
are determined by the integer charge and by the sum 
of phase shifts at the interfaces. The charge p+ bosons 
populate the energy levels ef^ + = hvpn/Lg = nA/g 
(where n is integer number), while three other neutral 
P- and <7±-boson energy levels have conventional values 
£n '' T± ' ) = hvFn/L = n ■ A. The tunneling differential 
conductivity a(V ec ) of a "clean" (i.e., without impurities 
on T) sample is a combination of two combs with differ- 
ent periods shown in Fig. IUa) for g = 0.23. One of the 
combs corresponds to the /9_|--boson, while another comb 
is related to three remaining neutral (p_ , er + , er_ )-bosons. 
In the steady state when the EF is off (i.e., a cc = 0), dur- 
ing the tunneling say, from £ to T, an electron splits into 
four bosons as e — > p + + p_ + <j + + cr_ , which assumes 
the energy conservation as 



E + rieV ec = e p + 



n (3 + l/ 5 ) A 



(18) 



(n being the integer number). That corresponds to a 
resonance tunneling through the quantized TLL states 
tuned by V^. However, if the electromagnetic field 
(EF) is on (a 0i c ^ 0), the resonance tunneling condition 
changes. That happens because the a.c. field acts on the 
charge p+-bosons only, which absorb the EF photons dur- 
ing the photon- assisted tunneling processes. The photons 
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FIG. 4: (a) The steady state tunneling differential conductiv- 
ity cr(Voc) [in units of e 2 VFN(0)] in the TLL state. The peak 
at Vec ~ 4.3 (in units of A/e) corresponds to the p+ -boson, 
(b) The contour plot a(V cc ,V^J) [Vec and the a.c. bias am- 
plitude Vj^J being in units of A/e]. (c) The Fano factor F(E) 
of the QW in conditions of PAT. (d) a(V cc ) for different fi. 

do not excite the neutral p- and a± bosons since they 
do not interact with the EF. The EF- modified resonance 
condition depends on both V cc and Q simultaneously 

E + V eV ec = «+ +mm)+e p - + 

= n(3 + l/g) A + mhfl (19) 

where n and m are integer numbers. Since the elec- 
tromagnetic field acts on the charge bosons only (not 
affecting the neutral bosons at all) it splits the corre- 
sponding peaks selectively. Because V cc and Q are bound 
by the condition (IT5|) . this imposes a constrain on the 
net photon-assisted tunneling (PAT) resonant current 
through the quantum well. Using Eq. (|19[) one imme- 
diately extracts g and A from the PAT current-voltage 
characteristics. More specifically, the value of g and A 
follow right from periods of the two steady state combs 
a(V ec ) shown in Fig.^a). This is illustrated by the PAT 
differential tunneling conductivity u{V cc ) for a c , c 7^ 
shown in Figs. IUb,d). Fig. BJb) is the contour plot 

a(V cc ,Ve\c) (V cc and the a.c. bias amplitude Ve^J be- 
ing in units of A/e). The same quantity a(V ec ) but for 

fixed n = 0.85 and eV$ = 0.01 (solid curve), eV e ( ,c = 1 
(dashed curve), and eVc}c — 5 (dotted curve) is presented 
in Fig.Hfd). In an experiment one obtains series of peaks 
in the differential conductivity a(V ec ) — dI/dV ec curves 
for the steady state (a c , c = 0) and the PAT peaks when 
the EF is on (cv c c ^ 0). Then one determines the ratio 
r*i = Al + /Aq + where ^-q(i) ^ s ^ ne P+ _ boson peak height, 
which corresponds to the number of emitted (absorbed) 
photons m = 0, 1. The ratio r\ allows extracting of the 
actual a.c. field amplitude acting on the junction. 
Since the a.c. field acts on the p+ bosons only, the EF 
helps to identifying of the TLL state. The method is il- 



lustrated further in Fig. [5] where we show a single peak in 
A/"(e) corresponding to a quantized free electron energy 
level [see Fig.(5Ja)]. For non- interacting electrons (g = 1) 
the same single level splits either by an a.c. field due to 
the photon-assisted tunneling phenomena with spacing 
oc mKl (m being integer) or by a d.c. magnetic field with 
the Zeeman spacing cx (IbH. The situation is remarkably 
different in the Luttinger liquid state when g ^ 1 and 
the charge p+ and spin <r + levels have different energies 
e£ + 7^ ■ Then one easily identifies the charge and spin 
levels merely by applying the a.c. field and d.c. magnetic 
field to the same quantum well. If a level splits with spac- 
ing oc mhQ by the a.c. field only (showing no response 
to the d.c. field) then it certainly is a p + charge boson 
level (j ^ 1). If it splits by the d.c. magnetic field (l2| 
with the Zeeman spacing oc [AbH showing no response to 
the a.c. field, then it must be associated with the spin 
bosons er+. However if the both a.c. and d.c. magnetic 
fields split the same level, then the level belongs to the 
non-interactive electrons (g — 1) as had been noticed 
above. In this way one perceives the charge and spin 
bosons in experiments when applying a.c. electromag- 
netic field in combination with the d.c. magnetic field to 
a carbon nanotube junction. An important requirement 
to the experimental metallic carbon nanotube quantum 
well samples is that they must be clean. An electron- 
impurity scattering in real samples leads to a formation 
of additional pairs of combs with different periods. Then, 
an identification of the TLL state becomes possible with 
a mere generalization of the method described above. 

Ratio of the noise power to the mean current (Fano 
factor) is computed as F = T„(l - T n )/ £ n T n . The 
result is shown in Fig. 0Jc). One can see that at the 
energies of quantized levels the noise is much lower than 
the Poisson noise of a conventional tunnel junction where 
F = 1. Remarkably, the multiphoton absorption is pro- 
nounced in the noise spectra as well. In this way Fig. [He) 
suggest a method of the noise spectroscopy for studying 
of the photon-assisted tunneling into the TLL state. 



V. CONCLUSIONS 

Phenomena considered in this paper originate from a 
specific physics of the charge and spin carriers, behaving 
like a blend of four non-interacting bosons. The Tomon- 
aga Luttinger liquid state occurs inside the one dimen- 
sional quantum well formed by a metallic single wall car- 
bon nanotube. The TLL state is tested with applying of 
an external a.c. electromagnetic field and of a d.c. mag- 
netic field simultaneously. The a.c. field splits the charge 
boson energy levels due to the photon-assisted tunneling 
while the d.c. magnetic field splits the spin boson levels 
due to the Zeeman effect. That allows a mere identifi- 
cation of the quantized energy levels associated with the 
charge and spin bosons forming the TLL state in relevant 
experiments. Besides one also finds the quantized level 
spacing A and the TLL parameter g. The unconven- 
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FIG. 5: Splitting of quantized levels due to the photon as- 
sisted tunneling and Zeeman effect as pronounced in the single 
electron density of states N(e) of a short CNT junction, (a) A 
free electron quantized level (solid curve) for which charge p+ 
and spin cr + bosons coincide splits by an a.c. electromagnetic 
field (with spacing oc Ml) and by a d.c. magnetic field (with 
spacing oc hbH) simultaneously, (b) Quantized levels of spin 
(j+ and charge p+ bosons have different energies e„ + ^ 
in the TLL state. The a.c. bias splits the charge boson levels 
(dashed curve on right) while the d.c. magnetic field splits 
the spin boson levels (dotted curve on left) only. The charge 
boson localized energy level e£ + splits in two satellite peaks 
with spacing 2hQ. Although the a.c. field has no influence to 
the neutral spin bosons, the spin level e„ + splits [l2j in two 
sublevels spaced with Az oc (j,bH (both in units of A) due to 
Zeeman effect when a d.c. magnetic field H 7^ is applied. 



tional electronic and photonic properties of the metallic 
carbon nanotube quantum well can be utilized in various 
nanodevice applications including THz field sensors and 
nanoemitters. 
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the AFOSR grant FA9550-06-1-0366. 



VI. APPENDIX 

Here we derive analytical expressions for the time- 
averaged electric current through the TLL quantum 
well in conditions of the photon-assisted single elec- 
tron tunneling (PASET). The external electromagnetic 
field is applied to the nanotube junction as shown in 
Fig. [T] Our model describes a low transparency junc- 



tion which average conductance is small, G « Rq 1 
where Rq = -nhjle 2 ~ 6.5 kfL Since coupling to the 
electrodes is weak, the emitter-nanotube (£ T) and 
the nanotube-collector (T <^> C) tunneling processes are 
assumed as being not phase-correlated. The SET dy- 
namics in that approximation is well described by a 
simple master equation (23|. The external electromag- 
netic field with frequency Q induces an a.c. bias volt- 
age with amplitude cos fit across the junction. The 
a.c. voltage modulates phases of the tunneling electrons 

as <j) e > c (t) = (eVj.cA) fcosQt'dt' where V e (1) = rjV^, 

vj 1 ^ = (1 — 77) are corresponding fractions of the 
a.c. voltage drop on the emitter and collector, 77 is the 
fraction of the net a.c. bias voltage V^ 1 ) , so r] V^> drops 
between the emitter and CNT. The time-averaged sin- 
gle electron tunneling electric current through the double 
barrier junction is expressed via partial tunneling rates 
w^ c and vf_f from emitter (collector) to the energy levels 
inside the well(23j 

wr (n, m) = J 2 m K, c ) J deTr 
w e _l c (»,m) = -J 2 m K, c ) J deTr 

• "wfeOlG&fo.") ( 20 ) 



w tm = w ± K m ) + w ± i n , m ) 

where the integration is performed over the electron en- 
ergy e in the well, E is the energy of the occupied level 
in the well relative to the conductance band edge in the 
emitter at the zeroth d.c. bias voltage V e M — 0, m is the 
number of emitted (absorbed) photons, and the electron 
energy arguments are 



S (c) 
m— 
S (c) 



E + hmfl 
E + hmfl 



AU% C 
All*'* 



The Bessel function J m (a e . c ) of order m in Eq. (|20|) de- 
pends on the a.c. bias parameter a ejC = eV^i /Ml- Cor- 
responding changes AU^' C of the emitter and collector 
electrostatic energy depend on the number n of electrons 
in the well as 



Am 



Am 



(l-r?) eV e( 



where S — e 2 /C, C = C e + C c is the net capacitance, 
C e ( c ) is the emitter (collector) capacitance. In Eqs. (f!?tjj) . 
the electron Keldysh Green function [2l[ G^ in the well 
is defined in the {r, ij-presentation as 



G ± (r,r',t,t') = ±i (i/>(r,t ± )tf (r',t' T )) 



(21) 
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where r, r' are electron coordinates and t±, t' T are the 
time moments assigned to points lying on the positive (+) 
or negative (-) branch of the contour c circled around the 
time axis — oo < t < oo, (...) means averaging [2 lj with 
full Hamiltonian Ti. which includes all the interactions 
in the system. Following to Ref. HO one may introduce 
the auxiliary right-moving (k = 1) free fermion Green 
Keldysh function as 



ia e c cos 



= /' i ™ e "'"* e 

The backward Fourier transform gives 



hi 



Gfo — 



iwT/vF 



sinh (ttT (x — VFt) /Vf) 



±iTrS(x-v F t), (22) 



and for the left-moving (n = 2) free fermion G 20 = 
[Gj t {uF — * — v f}}*- The Fourier transforms of (|2"2"|) at 

x = are 



G+(e) = iAf(e)(l-G (e)) 
G?r (e) = -iAr(e)Sb(e) 



(23) 



where Af (e) is the single electron density of states inside 
the well, Go (e) = (1 — tanh (e/2T))/2 is the equilibrium 
electron distribution function in the well. The electron 
tunneling rate T e ^ c is modified by the external a.c. bias 
as 



r e ' c (e) = J dt J de'T e ' c (e') e tacosm e-' £t/h+l£ ' t/h 

= J2 J ™( a e,c) [ de' f dtT e < c {e')e imnt - l£t/h+te ' t/h 

m 

= J ™ («e,c) / de'T e - c (e') 6 {mMl -e + e') (24) 



which indicates that photons of the external a.c. field 
shift energies of tunneling electrons by mMl. Then 



w + (m) - w_ (m) = f dsJ 2 m K, c ) ( £ ™ (c) ) 



(c) I 



G- (e,Q) + 



1-/ U 



■e(c) 



(jr_ 



(e,n)) 



r e - c (t) -► r e < c (t) e 



lQ e ,c COS Sit 



If the energy dependence of T e,c ( £™ e ( c )J is negligable, one gets 
w+ c (n, m) — wl' c (n, m) 



1 



(a e , c ) / & (/+ (C) G- + 



l-f- 



■(c) 



G 



T e c J 2 m (ae, c ) / cfe (/| (c) (£ + zRe/C) + (l - /! (c) ) (/C - zRc/C)) 

r e c J^ (a e , c ) / de (K (l + /| (c) - fl (c) ) + iRe/C (/| (c) + /I (c) - l)) 



s(c) 



+ Im/C( £ )(l-/f ) -/! (c) )] 



where we used short notations / - * an d G ± = K =F iRe/C. Here fC = (G + G + ) /2 is the full electron 

correlator from which the retarded Green function is obtained as G R (x 1 t) = —2i8(t)KeK,(x,t). The time-averaged 
partial electric current I e between the emitter and the quantum well takes the form 

I e = e^2( n (w+(n,m)-w e _(n,m)) 

n 

= er e J de J? n Kc) Cn [K (e) + K (e) [f + {c) - 

nm 

= er e Y, C»" + eT e J ' dej^ J?n Kc) ( n K (e) [f< c) - f_ [c) 

n nm 

+er e Jds^d™ K,c) Cnlm/C (e) (l - ff ] - /! (c) ) 

nm 

where the number of extra electrons in the well is n — K. (e) / (2wi). The electron tunneling between the quantum 
well and the electrodes causes a time evolution of the probability £„ to find n electrons inside the well. The time 
dependence of £„ (t) satisfies to the master equation[23| 



Cn = W n+1 ( n+1 + tO+_ 1 Cn-l ~ (w+ +W n )Cn 



(25) 
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The collector part of the electric current inside the well follows from the equilibrium condition that 

I e - I c = = \ ■ eT e I de J2 Cn [K. (e) J 2 n (a e ) [ft - ft] - Im/C (e) J 2 m (a e ) [l-f e + - ft] } 

n 

~eT c [deJ2Cn [Im/C (e) J 2 m (a c ) [l - ft - ft] - K (e) J 2 m (a c ) [ft - ft]] 

J n 

- e [r e + r c ]YJc„n 

n 

The above equation gives 

e [r e + T c ] VJ ( n n = 2 - ■ f de YJ Q n [K, (e) (eT e J 2 m (a e ) [ft - ft] + eT c J 2 n (a c ) [ft - ft] ) 

-Im/C (e) {eT-J 2 m (a e ) [l - ft - ft] + eT c J 2 m (a c ) [l - ft - ft])] 
The average number of electrons in the well is 

(n) = VJc„n + nG, 

n 

where n = ^2 k IC(e) / (2ttz), JC = (G~ + G + ) /2 is the full electron correlator, G ± is the electron Keldysh Green 
function (|23|) . The second term nc is controlled by the gate voltage Vq ^ applied to the quantum well as shown in 
Fig. [T] Then one gets the following expression for the average number of electrons in the well 



2 

h r e + r 



l — ■ J deV^C„[/C (e) (r e J^ (a e ) - /I] + T C J^ (a c ) [ft - ft]) 



+Im/C (e) (T e Jl (a e ) [l - ft - ft] + V c J 2 m (a c ) [l - ft - ft])} + n G (26) 

Equation (|26|) actually determines the chemical potential /ir (n) of electrons in the well. In absence of the SET one 
gets / (si) = / (el) and the 1 st term under f de in Eq. (f2"6"| vanishes. Then one simply gets 

— Y~~ = X / d£ ECn[^( £ ) J m(« e )[n-/-]- Im ^( £ ) J ™(«e)[l-/;-/-]] 

+er c / cfe VJ [Im/C (e) J* (a c ) [l - # - ] - AC (e) (a c ) - ft] ] 

J n 

- e [r e -r c ]VJc„n 



If one also sets tig = then 

r + r _ eT 

2 ~~ ~h 



[deJ2 Cn [IC (e) J 2 n (a e ) [f e + - ft] - Im/C (e) J 2 m (a e ) [l - /» - /f ]] 

fe,n 

- e r c VJ ^ [Im/C (e) J 2 m (a c ) [l - ft - ft] IC (e) J 2 m (a c ) [ft ft] ] 

k.n 

Tp -^ • / de'ECnlK ie) (T e J 2 m (a e ) [ft ft] + T c J 2 n (a c ) [ft ft]) 

nm 

-Im/C (e) (er e J 2 m (a e ) [l - # - /i] + e r c J 2 m (a c ) [l-ft- ft] )} 



Using that 



r e (c ) ( lT ,r e -r c \ vi i 



r e + r c J r e + r c 

the d.c. photon-assisted single electron tunneling electric current (PASET) across the quantum well reads 

I = = Tnj [ deJ2Cn[}C (e) [,J 2 m (a e ) (ft ft) J 2 n (a c ) (ft ft)] (27) 

rim 

+Im/C (e) [J 2 m (a e ) (ft + + ft) - J 2 n (a c ) (ft + + ft)]} 
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In equilibrium one makes use the Fourier transform 

/Co (k) = % - tanh [tlM^ =1(1- 20 o (^F|k|)) 
of the non-interactive equilibrium right-moving fermion correlator /Co (0, t) 

£ q , ^ = 1 7T (x - V F t) /JjVp 

' x — vpt + iS sinh (ir (x — upf) / (3vf) 

where Go(s) = l/( cx p(e/T) + 1), k is the fermion momentum, S — ► +0. A conventional wav[26j to introduce the 
electron distribution function Q (e) is to apply the anzatz 

K{e) =Im/C(e)(l -20(e)) (28) 

for the net time-averaged electric current across the double-barrier junction one gets 

I = / deJ2 CJm/C (e) [J^ (a e ) [/« + #)] - J m (a c ) [# + (/i - ft) Q]]. (29) 

nm 

From Eq. (129|) in limits a e . c = or 5(e) = one easily recovers the expressions for tunneling current used in the main 
text. , 
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